we report on a PC software (FAULTAP) developed for sealing assessment of normal faults in clastic reservoirs. Fault surface is constructed from seismic data, and subsurface lithology is projected onto the fault surface using well log data and seismic horizons. Structural data of the fault (such as throw, heave, dip angle, and strike) are calculated and visualized. Shale smear has been recognized as a major mechanism of across-fault sealing in sandstone-shale successions. Five algorithms for evaluation of shale smear have been programmed in the software. Shale Smear Factor and Smear Gouge Ratio pertain to the total fault offset, while Clay Smear Potential, Shale Gouge Ratio and Clay Content Ratio pertain to selected points along the fault offset. The output data of these modules can be displayed on the fault surface, Allan-type juxtaposition diagrams, and cross plots.
Research Center of Japan National Oil Corporation (JNOC/TRC) carried out a Project on Evaluation of Traps and Seals (1997-2002) . As part of this project, we have developed a computer software (FAULTAP) for fault sealing assessment. Shale smear has been recognized as a major mechanism of across-fault sealing in sandstone-shale successions. The aims of this paper are (1) to describe the theoretical framework, applications, modules, and visualization capability of this software in order to facilitate its use for case studies and exploration projects, and (2) to discuss the scope and limitations of the shale smear parameters, which are currently used for fault sealing assessment. In this paper, we describe the architecture of the FAULTAP software and the modules on geometric reconstruction of fault surface and calculation of shale smear parameters. The petrophysical properties of fault rocks and stress regime on the fault will be the subject matter of a separate report.
2.
Architecture of FAULTAP FAULTAP is a PC-based software written in C++language.
It aims to provide a practical assessment of fault sealing at the trap scale. Fig.1 shows the overall architecture of FAU-LTAP. The input data include the following:
(1) Fault traces and seismic horizons, which are interpreted by seimic interpretation tools (e. g., Seisworks of Hallibruton's Landmark or Charisma of Schlumberger's GeoFrame), converted from time domain to depth domain, and imported to FAULTAP in the form of an ASCII file;
(2) Well log data for characterizing the lithology, thickness, rock density, and subsurface fluid saturation; (3) Subsurface pressure data (e. g., RFT data) to reconstruct the subsurface pressure gradient for water, oil, and gas; and (4) Core description data (where available) to constrain the stratigraphy as well as the lithology derived from gamma-ray logs. FAULTAP has built-in modules for calculations of (1) fault geometrical parameters, (2) shale smear parameters, (3) rock stress parameters, and (4) fault-rock petrophysical parameters. The input data are processed through the modules, and the output data are visualized in the following forms: (1) Data tables and cross plots; (2) fault surface profiles (along-strike fault section); (3) fault juxtaposition of the sedimentary layers on the upthrown and downthrown sides (Allan diagrams; Allan, 1989 To carry out fault sealing assessment, it is first necessary to construct the fault surface and to characterize the lithological layers on the fault surface. Fig.2 shows the method for construction of a fault surface from seismic data, and Fig.3 shows the diagram of lithological juxtaposition on a fault surface. The data of seismic horizons and fault traces picked from an interpreted 3 D seismic cube are imported to FAULTAP. The inlines and crosslines to be used for the analysis are selected. The fault to be modeled is also selected and the fault traces are edited so that the picked points of seismic horizons join the fault trace line (Fig.2a) on his/her own preference. The lithological data are then superimposed on the fault surface using the seismic horizons as footwall and hangingwall cut-offs. In this exercise, the modeling area of the fault is selected by the user. If there are two wells-one drilled through the footwall block and the other in the hangingwall block, both well data are used separately. If there is only one well data available, the same data are used for both blocks of the fault.
The extent of the modeling area along the fault strike is also decided by the user depending on the vser's geological understanding of the facies distribution along the fault. If more than one well exist in the same fault block, the fault surface can be divided into several segments depending upon the number of drilled wells.
Lithological layers can be displayed on the fault surface (Fig.3c) or on the Allan-type juxtaposition diagrams (Fig.3d) . The Allantype diagrams show the areas of sand-shale or 
Fault Geometric Parameters
The first function of FAULTAP is to reconstruct the fault surface (along-strike fault section which may be planar or curved) and then to calculate the fault geometrical data including strike direction, dip angle, hade, displacement, throw, and heave (Fig.4a) .
These provide quantita tive and visual information on the fault. For example, fault throw indicates the amount of vertical movement of the fault, and fault heave indicates the amount of horizontal extension on the normal fault. Rapid changes in dip angles show areas of sharp bends and structural complexities on the fault surface. Fig.4b , 1997) . And the shale smear parameters have been successfully applied to petroleum fields (Bentley and Barry, 1991; Bouvier et al., 1989; Jev et al., 1993; Gibson, 1994; Yielding et al., 1997 Yielding et al., , 1999 Fristad et al., 1997; Fulljames et al., 1997; Alexander et al., 1998; Koledoye, 1998; Yielding, 2002) .
The shale smearing by faults is best achieved by ductile shale. The available shale smear algorithms and calibrations are for syndepositional faults or faults developed shortly after the shale deposition (Table1). These algorithms can be divided into two categories ( (1) Those which pertain to the whole offset of fault, including Shale Smear Factor (SSF) (Fig.5b ) and Smear Gouge Ratio (SMGR) (Fig.5c) Smear Gouge Ratio (SMGR) Smear Gouge Ratio (SMGR) is the ratio of total thickness of sandy beds divided by the total thickness of shale layers that were displaced along the fault (Fig.5c ). This algorithm calibrated for 246 normal faults in the Gulf of Mexico was described in Skerlec (1999) Clay Smear Potential (CSP) Clay Smear Potential (CSP) was originally developed in a study of faults in the Niger Delta by Shell workers (Bouvier et al., 1989 shale beds (if the total thickness of shale layers is the same along the fault throw), but increase with an increase in the thickness of shale beds. The minimum CSP value is for the middle point of fault displacement, which should be of utmost concern in fault sealing assessment. The CSP value is scale dependent. For example, the minimum CSP value for a fault displacement of 500cm and a displaced shale layer 50 cm thick is ten times larger than that for a fault displacement of 50m displacing a shale layer of 5m thick. Considering the meter scale of seismic faults, we use the meter scale for all CSP calculations. There are two algorithms for CSP calculations. One method reported by Fulljames et al. (1997) has been used by Shell researchers; the other method has been suggested by Yielding et al. (1999) .
In the first method (Fig.7a) , the CSP values for the upthrown and downthrown sides are calculated separately, and the higher values are taken. In this calculation, the distance of the target point on the fault is measured from the top of the shale layers on the footwall and from the base of the shale layers on the hangingwall. This algorithm contains a calibration factor for rheological properties and stress dependency of clay smear; however, this calibration term has not been published by the Shell group yet (Fulljames et al., 1997) .
In the second method (Fig.7b) , the distance of the fault point is measured from the center of the shale layer. Furthermore, the CSP values are not calculated separately for the upthrown or downthrown sides, but rather the shale layers nearer to the fault point (either on the upthrown or the downthrown side) are taken into account. In both methods, the shale bed thickness is squared according to experimental results and fluid dynamics theory (Lehner and Pillar, 1997) . In this paper, we have adopted the second method suggested by Yielding et al. (1997) because the calibration for the first method is unknown and because by taking the distance of point from the closest shale layer, Two algorithms for Clay Smear Potential (CSP): (a) the Shell method described in Fulljames et al. (1997) and (b) algorithm suggested by Yielding et al. (1997) , which is adopted in this paper. A subsurface calibration of CSP from the Nun River Field in the Niger Delta (Bouvier et al., 1989; Yielding et al., 1997) is shown in (c), which indicates a threshold CSP value of>10 for sealing faults. (Niger Delta) data reported in Bouvier et al. (1989) (Fig.7c) . Shale Gouge Ratio (SGR) and Clay Content Ratio (CCR)
The Shale Gouge Ratio (SGR) at a point on the fault is the percentage of shale layer that has slipped along the fault displacement. As suggested by Yielding et al. (1997) , SGR is calculated as the ratio of total thickness of shale beds divided by the fault throw and multiplied by 100. SGR values increase with a decrease in fault throw or an increase in the thickness of source shale layer. A slightly different algorithm was also initially called Shale Gouge Ratio Fristad et al., 1997) but later came to be known as the Gouge Ratio (Ottesen Ellevset et al., 1998; Yielding, 2002) . In this algorithm, the sum of the thicknesses of rock layers (shale as well as sandstone layers) are multiplied by their clay fractions, then divided by the fault throw and multiplied by 100. In other words, the Gouge Ratio expresses the theoretical per- Fig.9 Calibrations of Shale Gouge Ratio (SGR) (the same for Clay Content Ratio, CCR) by subsurface field studies: (a) Columbus Basin, Trinidad (Gibson, 1994; Yielding et al., 1997) ; Nun River Field, Niger Delta (Bouvier et al., 1989; Yielding et al., 1997) ; Brent Formation in an unspecified North Sea field ; and Oseberg Syd Field, North Sea (Fristad et al., 1997) . The data consistently indicate an SGR/CCR value of about 20% as the minimum threshold value for sealing faults. (Fig.8c ).
As depicted in Fig.9 (a-d) and The shale smear algorithms are currently based on fault throw, shale layer thickness, and clay content of displaced layers. Several important factors that control the smearing are still unquantified. These include the process of smearing, the thickness of smear, the scale of fault and faulted shale, and the ductility of source shale layer.
Based on field observations, Lindsay et al. (1993) suggested three distinct processes for shale smearing by normal faults, which are illustrated in Fig.10: (1) Abrasion smear develops when a shale layer passes a sandstone rock and leaves a veneer of clay on the sandstone surface (Fig.10a ). This type of smear can be easily formed and also easily destroyed by further slip on the rock because the smear is quite thin (controlled by the grain-scale roughness of the sandstone).
(2) Shear-type smear develops due to simple shear in the fault zone (Fig.10b) . This type is widely observed in the outcrop and also produced in experiments (Weber et al., 1978; Lehner et al., 1997) . Lindsay et al. (1993) has suggested a geometrical equation to derive the smear thickness (Fig.10b); however, it has not been empirically corroborated.
(3) Injection smear develops due to gravitational instability and hence the flow of unconsolidated or semi-consolidated mud into open fractures (Fig.10c) . Shale-sandstone successions often contain faults with slightly variable displacements bounded by shale layers. During the faulting, the fault plane undergoes extension as well as compression (Fig.10c) . Ductile shale is then extruded from the compressed part to fill in the extended part along the fault. The thickness of injection smear is thus mainly controlled by the width of the open fracture. In reality, all these processes contribute to shale smearing, although the role of shear-type smear seems to be dominant. Illustration of three mechanisms of shale smear by faulting as suggested by Lindsay et al. (1993) , and implication of each mechanism for smear thickness.
The scale dependency of shale smear has been hinted at (Lindsay et al., 1993) but has not been investigated in detail. Most of the outcrop observations and calibrations come from small faults (with throws of a few meters or less), while the subsurface calibrations of the shale smear are from seismic faults (with throws of tens of meters).
Shale smear process also depends upon the ductility of source shale layer (Weber, 1986; Lehner et al., 1997) . If the shale layer is less consolidated (more ductile), the smear process will be more efficient. Geologically speaking, the uncertainty in our knowledge of shale ductility at the time of faulting can be resolved by considering the time lapse between deposition of shale layer and fault activity. If the faulting takes place long after the shale deposition, the rock will be highly consolidated and less prone to smearing. On the other hand, if the fault is syndepositional or the time gap between fault growth and shale deposition is small, the shale smear will be a more efficient sealing process. Indeed, the available database for the shale smear parameters currently used in modeling comes from faults which were syndepositional or developed shortly after deposition of clastic rocks. Therefore, the shale smear modules can be applied for this kind of faults. A practical way to identify the syndepositional normal faults under study is to note that the thickness of sedimentary layers on the fault hangingwall should be greater than those of the layers on the footwall during the fault growth (Smith, 1961 In these cross plots, the jux- taposition of sand-shale is excluded to eliminate the effect of juxtaposition on trapping, and the points of sand-sand contacts along the fault, which are most crucial for sealing assessment, are selected. Across-fault pressure differences are obtained by reconstructing the formation pressure gradients for both hangingwall and footwall fault blocks using RFT data of the reservoir horizons (e. g., Hawthron, 1933; Childs et al., 2002) . Fig.11 illustrates some examples of these cross plots, in which SSF values for various reservoir rocks in a basin are plotted against fault throw (Fig.11a) , SMGR (Fig.11b) , CSP (Fig.11c) , SGR (Fig.11d) , CCR (Fig.11e) . We have chosen SSF for these diagrams because it has a simpler algorithm (fault throw/shale thickness) and has a proportional relationship with fault throw (Fig.  11a) . SMGR is simply the ratio of sandstone and shale layers in a given fault, and as such its relationship with fault throw is case specific. CSP also shows an inverse relation with SSF (Fig.11c) .
Both SGR and CCR show inverse relations with SSF; however, as it can be seen in Fig.11d- 
